Serum concentrations of C-reactive protein (CRP), 3 the classic acute-phase protein, cover a remarkable dynamic range and may exceed 500 mg/L at the peak of the acute-phase response (1 ) . The median baseline concentration in ostensibly healthy adults is very low, ϳ0.8 mg/L in carefully screened individuals (2 ) and 1-2 mg/L in unscreened general populations (3) (4) (5) . However, the recent application of sensitive immunoassay procedures has shown that modest increases in CRP concentrations, well within the previously adopted "normal range" of up to 10 mg/L, significantly predict coronary events in patients with angina and, remarkably, in asymptomatic adult populations (6, 7 ) .
Serum amyloid A protein (SAA) is the other major human acute-phase protein with a very wide dynamic range, ϳ1-2000 mg/L. It has been much less extensively studied than CRP in relation to cardiovascular disease, but SAA concentrations in severe unstable angina behaved similarly to those of CRP (8 ) . These findings suggest an association between inflammation and atherothrombotic events, but the stimuli for and the effects of the acute-phase response are not known.
Studies of individual variation in the baseline and acute-phase circulating concentrations of these proteins have been limited. The typical low baseline concentrations of both CRP and SAA are rather constant for each individual, with occasional higher values probably reflecting responses to intercurrent subclinical events (9, 10 ) . Indeed, in the general population, the regression dilution ratio for pairs of CRP measurements made up to Lipids, Lipoproteins, and Cardiovascular Risk Factors several years apart is ϳ0. 6 (11-14 ) . Acute-phase responses of CRP and SAA generally closely reflect the extent and activity of the underlying disease (1 ), but studies of rheumatoid arthritis and other diseases indicate that even individuals with apparently identical disease activities may mount widely varying acute-phase responses (15, 16 ) .
In the absence of an ethically acceptable standardized experimental stimulus, it is not possible to study individual acute-phase responsiveness in humans. However, the extent to which baseline concentrations of CRP and SAA are genetically determined is of considerable interest, and we report here, for the first time, values in large wellmatched cohorts of monozygotic (MZ) and dizygotic twins (DZ). This extends recent observations of CRP values among MZ twins alone (17 ) .
Materials and Methods twin ascertainment
The study was conducted in female twins who were ascertained through a media campaign that targeted healthy volunteers. Details of the recruitment are given elsewhere (18 ) . The twins had volunteered to take part in a study on aging but were unaware of any specific hypothesis under test. The characteristics of the twins who volunteered were similar to those of a population of apparently healthy individuals sampled from a general practice (19 ) . All twins were interviewed by a nurse practitioner and completed questionnaires concerning their physical health and drug treatment; height, weight, and blood pressure were measured. Venous blood samples were obtained at a similar time of day at the start of the assessment, and separated serum was stored frozen at Ϫ45°C until the time of assay 6 -36 months later. Zygosity was determined by questionnaire supplemented by DNA fingerprinting in cases with disputed or uncertain zygosity.
measurement of crp and saa concentrations
Serum concentrations of CRP and SAA were measured by automated microparticle capture enzyme immunoassay, precisely as reported previously (9, 10 ) . The CRP assay provides mg/L concentrations to one decimal place, and the SAA assay provides mg/L values to whole integers only. Both assays were standardized on the respective WHO International Reference Standards (20, 21 ) .
analytical approach MZ twins are genetically identical. DZ twins share, on average, one-half their genetic material. Both groups can be assumed to share cultural and family environments to an equal extent. Hence, demonstrating greater phenotypic correlation in MZ compared with DZ pairs provides an indication that genetic factors are involved in determining a trait. The relative contribution of genetic and environmental variation to a trait can be assessed quantitatively by variance components analysis based on the pattern of correlation among the twins (22 ) . The approach considers the observed variation in CRP and SAA concentrations in the population to be attributed to genetic and environmental components. The genetic contribution to variation has a potential contribution from additive (A) and nonadditive or dominance (D) variation. Environmental variation has a potential contribution from variation in the common family environment of the twins (C) and variation that is unique to individual twins (E). The twin model stipulates that the phenotypic covariance (Cov) among twins can be expressed in terms of these variance components such that:
The extent to which the observed patterns of variation and covariation among traits measured in MZ and DZ twin pairs can be accounted for by contributions from A, D, C, and E can be assessed by comparing the fit of a set of nested models from which variance components are sequentially removed. The significance of the contribution of individual variance components is assessed by the change in model 2 statistics. The parameter estimates of the model that provides the best balance of fit and parsimony give a quantitative measurement of the relative contribution of the size of each variance component. The analysis was confined to pairs in which both twins had a CRP value Յ10 mg/L, this being the 99th centile of the CRP distribution in carefully screened adult volunteer blood donors in the UK (2 ) . Values of SAA and CRP were log-transformed to achieve a gaussian distribution. CRP and SAA concentrations are known to be influenced by age, body mass index (BMI), smoking history, and use of hormone replacement therapy. To take their potential effects into account, the variance components analysis was carried out on the residuals of a regression analysis in which all these confounding variables were included.
Both baseline and acute-phase CRP and SAA values are known to be correlated in individuals. The extent to which shared genetic and environmental factors might explain this correlation was investigated here by considering a set of bivariate models, constructed as a Cholesky factorization (22 ) , which included genetic and environmental variance components that were both unique to CRP and SAA and shared between them. Parameter estimates from the most appropriate bivariate models provide an estimate of the extent to which genetic and environmental factors contribute to the phenotypic correlation between CRP and SAA in individuals.
twins presented as singletons are shown in Table 2 . The range and distribution of values of both analytes were comparable to those reported for other healthy general populations (3) (4) (5) 23 ) . The slightly lower CRP values in these twins reflect the more rigorous screening for genuinely healthy individuals than is the case in the very much larger surveys of general populations, and the present CRP values thus correspond more closely to those seen in volunteer blood donors (2 ) . In the group as a whole, CRP values were associated with BMI, with smoking, and with the use of hormone replacement therapy, all consistent with other published studies (7 ), with a trend toward higher CRP concentrations in smokers and those with high BMI. As expected in healthy individuals, values in the great majority of individuals fell below the generally accepted upper limit of the reference interval (upper limit of normal) of 10 mg/L for both CRP and SAA (2, 9 ) . CRP exceeded 10 mg/L with similar frequencies in the two groups, 7 MZ and 14 DZ pairs, and these were excluded from further analysis. However, inclusion of these higher values did not significantly affect the conclusions (analysis not shown).
Shown in Fig. 1 are the distributions of CRP and SAA in the MZ and DZ twins among pairs in which both twins had CRP values Յ10 mg/L, with values adjusted for age, BMI, smoking status, and the use of hormone replacement therapy. Both showed a higher correlation in MZ compared with DZ twins, indicating a genetic contribution.
The results of statistical modeling are shown in Table 3 . For both CRP and SAA, the pattern of variances and covariance in the twins was best explained by a model that contained only additive genetic and unique environ- a There were no significant differences in distribution between MZ and DZ twins (CRP, P ϭ 0.17; SAA, P ϭ 0.38). mental variance components (AE model). The relative contribution of additive genetic variance (which equates to heritability) was estimated in the model to be 52% for CRP and 59% for SAA. Baseline serum concentrations of CRP and SAA among the individuals studied here showed a significant correlation coefficient of 0.4, as expected from previous observations among unrelated individuals (23 ) . When the modeling was extended to consider the full distribution of variances and covariance for CRP and SAA in the twins simultaneously, a bivariate AE model provided the most appropriate fit for data. In this model, 20% of the phenotypic covariance was accounted for by shared genetic factors (P ϭ 0.05). Thus, genetic factors shared between CRP and SAA make a significant contribution to the correlation in baseline concentrations in individuals.
Discussion
The significantly higher degree of correlation in baseline serum CRP and SAA concentrations among healthy female MZ compared with DZ twins is consistent with an important contribution of genetic factors to these values. Our results show that approximately one-half of the variation in baseline values of CRP and SAA can be accounted for by genetic variation in the population. These estimates could not be accounted for by differences in physical or lifestyle characteristics of the MZ and DZ twins. The short half-lives of the acute-phase proteins obviously preclude a possible direct influence of differences in the shared environment between MZ and DZ twins in earlier life, which has been raised as a concern in assessing the results of twin studies for other variables (24 ) , but it does not exclude potential early life exposure to, e.g., a persistent pathogen.
Our results provide evidence that common genetic factors are involved in determining the baseline values of CRP and SAA. This is consistent with several possible mechanisms, for example, genetically determined polymorphisms in the proinflammatory cytokine cascade that regulates hepatic acute-phase protein gene expression, and some candidates with respect to CRP, which could also affect SAA production, have been suggested (25, 26 ) . No amino acid sequence polymorphism of human CRP has been reported, but there may be otherwise silent intronic or regulatory genetic polymorphisms in the CRP gene that affect CRP production (27) (28) (29) . In contrast, the acute-phase component of SAA, which was measured here, is a polymorphic family of proteins, and no studies have been reported of associations between particular isoforms and different baseline values. The present study did not include any genetic analysis of either CRP or SAA genes in these twin populations.
It is important to note that the correlations in the present study were sought only after exclusion of values from twin pairs in which one or more values exceeded the reference interval. Both CRP and SAA are exquisitely sensitive and extremely rapidly responsive systemic markers of inflammation and tissue damage, with enormous dynamic ranges, so that any acute-phase response value of either protein must completely obscure genetic determinants of the very low baseline values that are the subject of this study.
Inflammation is a very important pathogenetic component of both atherosclerosis and atherothrombotic events. There is clearly inflammation locally within atherosclerotic plaques. There are also systemic signs of inflammation, indicated most notably by the extremely sensitive circulating acute-phase proteins, although the source and identity of the triggers for their low-level up-regulation that predicts atherothrombotic events are not known. Thus it is not clear whether the modest increases in baseline CRP values that predict future coronary events reflect inflammation in atherosclerotic vascular lesions or low-grade inflammation elsewhere in the body that is either associated with or promotes atherogenesis and atherothrombosis. A further key unknown factor is whether acute-phase proteins, in particular CRP, which binds LDLs and can activate complement, and SAA, which is an apoprotein of HDL, may themselves contribute to the pathogenesis of atherothrombosis. Although the present demonstration that baseline CRP and SAA values are significantly genetically determined is of interest and potentially important in this regard, it still does not enable epidemiologic studies to establish or refute causal relationships between these proteins and cardiovascular disease. This will require specific drug or other interventions that selectively target the individual proteins and the demonstration that such maneuvers can affect cardiovascular disease outcomes.
